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a  b  s  t  r  a  c  t
The  displacement  of brine  by  CO2 is  an  important  process  controlling  plume  migration  and  initial  pore-
space  utilization  in  geological  CO2 storage.  We  present  CO2–brine  unsteady-state  core  ﬂood  experiments
to  characterize  CO2–brine  primary  displacement  in Estaillades  limestone,  a  model  system  for  dual-
porosity  carbonates.  We  analyze  the  experiments  by  means  of numerical  simulations  assuming  2-D
homogeneous  rock  and  parameterized  kr(SW)  relationships.  Assisted  history  matching  methodologies
were  used  to ﬁnd  the  kr(SW)  parameters  which  minimize  a mismatch  function,  giving  the  best  match  toeywords:
O2 storage
ore ﬂood experiment
elative permeability
arbonate
the  experimental  data.  We refer the  results  to the microscopic  rock  structure  and  we  discuss  the  limits  of
applicability.  Larger-scale  heterogeneity  was  considered  as intrinsic  to arrive  at a practical  and  upscaled
description  of  the  displacement  process.  Heterogeneity  is  discussed  by comparing  the results  to  classical
relative  permeability  measurements  on samples  with  a  24×  smaller  volume,  which  are  less  affected  by
heterogeneity.  We  found  that  larger-scale  heterogeneity  results  in  lower  ﬂuid-phase  mobilities.
ubliseterogeneity
istory match
© 2014  The  Authors.  P
. Introduction
CO2-plume migration in deep saline aquifers and the initial
tilization of the pore space for CO2 storage is to a large extent
overned by CO2–brine immiscible displacement as determined
y relative permeability (kr(SW)) and capillary pressure (pC(SW))
aturation functions. These functions describe the microscopic dis-
lacement efﬁciency as well as the macroscopic bypassing by
hanneling and/or viscous ﬁngering. Hence the characterization of
he primary drainage process is essential for predicting the plume
igration and the efﬁciency of storage. The determination of kr(SW)
equires relatively homogeneous core material due to the assump-
ions made in the interpretation of the experimental data and since
pscaled rock properties need to be derived to be used in numeri-
al simulations. Carbonates, however, are often heterogeneous on
arious length scales. While heterogeneity refers usually to the
patial variation of porosity and/or permeability, multiphase ﬂow
s mainly sensitive to the associated capillary heterogeneity (Berg
t al., 2013) to which we refer in the following.
CO2–brine displacement in sandstones has been studied exten-
ively, including for sandstones with different levels of sample
eterogeneity (Bennion and Bachu, 2008; Perrin and Benson, 2010;
hi et al., 2011; Ott et al., 2011; Krevor et al., 2012; Akbarabadi and
iri, 2013; Pini and Benson, 2013; Berg et al., 2013; Ruprecht et al.,
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2014). Despite the difﬁculties that CO2–brine displacement implies
– i.e. high viscosity ratio, the resulting low displacement efﬁciency,
moderate to high density ratio, chemical reactivity – public data
on the same rock type – e.g. Berea sandstone – turned out to be
comparable taking different sample-preparation methods and dif-
ferent levels of heterogeneity into account (Berg et al., 2013; Perrin
and Benson, 2010). Also the difference between CO2–brine and
decane–brine displacements can be traced back to wetting prop-
erties related to clay minerals (Berg et al., 2013). In sandstones
with simple pore architectures, kr(SW) can usually be described by a
minimum set of parameters (usually the Corey relative permeabil-
ity model (Brooks and Corey, 1964) is used – e.g. Shi et al., 2011;
Berg et al., 2013). Due to multi-scale heterogeneity, the situation
turns out to be more demanding for carbonates. While microscopic
heterogeneity usually determines the shape of kr(SW), larger-scale
heterogeneity that is statistically not represented in the respec-
tive sample volume affects the investigation and makes the result
scale-dependent – i.e. dependent on the size of the sample-and
dependent on the exact location of sampling.
In this paper we present an investigation into CO2–brine
primary drainage in dual-porosity limestone. We  performed
larger-scale CO2–brine and decane–brine unsteady-state (USS) dis-
placement experiments and decane–brine steady-state (SS) and
USS relative-permeability experiments on samples of smaller vol-
ume. We  history match the USS displacement data with a 2-D
simulation model to derive kr(SW). We  account for the microscopic
pore structure by using different relative permeability param-
eterizations, with varying degrees of complexity. Macroscopic
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Nomenclature
krw wetting phase relative permeability
krnw non-wetting phase relative permeability
Sw wetting phase saturation
Swn normalized wetting phase saturation
Swc connate (irreducible) wetting phase saturation
Snwr residual non-wetting phase saturation (after imbi-
bition)
nw wetting phase Corey exponent
nnw non-wetting phase Corey exponent
cw empirical ﬁtting parameter used when modifying
the Corey functions
kwrnw non-wetting phase relative permeability at connate
(irreducible) wetting phase saturation (also known
as the non-wetting phase end point relative perme-
ability)
Lnww empirical parameter of the LET model for the wet-
ting phase
Lwnw empirical parameter of the LET model for the non-
wetting phase
Enww empirical parameter of the LET model for the wet-
ting phase
Ewnw empirical parameter of the LET model for the non-
wetting phase
Tnww empirical parameter of the LET model for the wet-
ting phase
Twnw empirical parameter of the LET model for the non-
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3wetting phase.
eterogeneity is not explicitly taken into account, instead it
s investigated by comparison to classical relative permeability
xperiments performed on smaller samples that we  consider to be
omogeneous. The comparison with results from single-porosity
andstone gives insight into the peculiarities of the CO2–brine dis-
lacement process in carbonates. With the present work we  also
ant to open a discussion on how to deal with heterogeneity in
O2–brine displacement and how to reliably and practically derive
eaningful parameters for ﬁeld-scale simulations.
. Rock type, ﬂuids and saturation windowThe experiments were performed on Estaillades limestone,
hich is an outcrop rock with pure calcite mineralogy. The rock
ype is used as a model system for dual-porosity carbonates. The
verage porosity is ∼0.28 and the average permeability is ∼220 mD
ig. 1. Rock types and saturations: (a) dry CT scan of Berea sandstone, (b) dry scan of E
-D  volume of CO2 phase after primary drainage (Ott et al., 2014).ouse Gas Control 33 (2015) 135–144
with a sample-to-sample variation of ∼10% for porosity and ∼30%
for permeability. Compared to earlier studies on sandstone (Ott
et al., 2011; Berg et al., 2013), Estaillades has a bimodal pore struc-
ture with inter-granular macro-porosity and micro-porous grains
as shown in the CT cross-section in Fig. 1(b). In the following
we refer to macro-porosity as the porosity that is resolved in CT
scanning; the micro-porosity is not resolved and is represented
in the gray-scale behavior in the images (Fig. 1(b) and (c)). The
CT-determined ratio of macro- to total-porosity is macro/ ∼ 0.58
and is also reﬂected in the pore throat size distribution obtained
from the Mercury Injection Capillary Pressure (MICP) measure-
ment in Fig. 2; the CT and MICP data are directly compared to
data obtained from Berea sandstone to relate this study to a refer-
ence case (Figs. 1(a) and 2). Meso- and micro-porous volumes are
also present in Berea, but to a minor extent and without such clear
separation of pore sizes as for Estaillades.
The separation of pore space has implications for CO2–brine
displacement and for two-phase ﬂow in general. In earlier studies
it has been shown that for Estaillades only 42% (SCO2 = 0.42) of
the brine can be displaced by CO2 injection at high ﬂow rates
representative for near-well bore conditions (Ott et al., 2014). This
corresponds to about 73% of the macro-porosity being invaded.
The respective CT cross-sections are shown in Fig. 1. Image (b)
represents the dry state and (c) shows the same cross-section
after injection of 100 pore volumes of CO2 at a capillary num-
ber of Ca ∼ 6 ×10−7 (the present experiments were performed
at Ca ∼ 5 ×10−8 for USS decane–brine and ∼6 ×10−9 for USS
CO2–brine). Note that the reverse contrast between solid and
micro-porous grains in Fig. 1(c) is due to the saturation of the
micro pores by highly X-ray-absorbing brine. We consider the CO2
saturation window of 40–50% of the pore space as the maximum
that can be reached by USS or SS experiments on these samples
under laboratory conditions, which are representative of ﬁeld
conditions. The relevance of this window for ﬁeld application is
discussed further below.
3. CO2–brine displacement
USS experiments were performed on samples with dimensions
7.5 cm in diameter and 15 cm in length. The cores were initially sat-
urated with brine, which was  then displaced by the non-wetting
CO2 phase. Two  types of experiments were performed: the actual
CO2–brine primary drainage experiment, and, on the same rock
samples, experiments using decane as the displacing phase, which
allows comparison with standard SCAL (Special Core Analysis)
experiments and serves as a base case. From these core ﬂoods pri-
mary drainage relative permeability can be inferred.
staillades limestone, (c) CT scan after CO2–brine primary drainage and (d) derived
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Tig. 2. Left: MICP curves of Estaillades limestone and Berea sandstone. Middle: no
rainage  capillary pressure curve of three different Estaillades plugs obtained by c
ension.
As can be seen from Fig. 3, the rock type is not only heteroge-
eous at the pore scale (see Fig. 1), but also at a scale that is not
tatistically represented in the volumes of the larger-scale sam-
les. Fig. 3 shows the porosity proﬁle of three samples studied in
his work. The lower rows show the CO2 saturation proﬁle under
ow conditions at the end of the CO2–brine displacement exper-
ments as 1-D and 3-D saturation proﬁles. The porosity proﬁles
ere derived from CT scans. The samples show different degrees of
orosity heterogeneity, with a general porosity variation of about
.05 in porosity units. It is interesting that there is no obvious
orrelation between the porosity proﬁles and the CO2 saturation
roﬁles at the end of the respective CO2 ﬂood (taking the capillary
nd-effect into account), as reported earlier on a heterogeneous
andstone by Perrin and Benson (2010). In conclusion, we  found
hat the porosity proﬁles do not have a strong inﬂuence on the sat-
rations resulting from the two-phase displacement. This means
hat whether or not a sample can be considered to be homogeneous
an only be decided after the experiment.
The USS experiments were performed at a pressure of 100 bar
nd a temperature of 50 ◦C, corresponding to an aquifer depth
f about 1000 m.  The experimental setup and the procedures
ig. 3. 1-D porosity proﬁle (top), 1-D (middle), and 3-D (bottom) CO2-saturation proﬁle
he  experiment on the right is the one discussed in this paper. Note that the contrast haszed pore throat distribution of the same rock types. Right: Decane–brine primary
uge measurements (symbols) and the respective MICP curve scaled by interfacial
we follow in this study have been reported by Berg et al.
(2013) and Ott et al. (2013). The procedure in brief: after a
tracer test, the core was  pre-saturated with CsCl-doped brine
(SW = 1). For a decane–brine displacement experiment, decane was
injected in the brine-saturated core with a constant ﬂow rate
of 0.25 ml/min. Subsequently, the core was cleaned and SW = 1
was reestablished as preparation for the following CO2 experi-
ment. In order to avoid CO2-dissolution and chemical rock–ﬂuid
interaction during the CO2–brine displacement, the brine was
equilibrated with CO2 and the rock’s mineral phase at experi-
mental conditions. Thereafter, water-saturated CO2 was injected
at a rate of 0.44 ml/min, immiscibly displacing the brine phase.
During the experiments, the pressure drop, P, and the 3-D
CT (computer tomography) density proﬁles were monitored as
a function of time, reﬂecting the ﬂuid saturation changes. The
cumulative brine production was  additionally and independently
measured.Data of a decane–brine (upper row) and a CO2–brine (lower row)
coreﬂood are shown in Fig. 4. Both experiments were subsequently
performed on the same rock sample under the same conditions. We
focused on the third sample in Fig. 3, which we consider to be more
 after primary drainage of three core ﬂoods in three different Estaillades samples.
 been chosen to highlight the heterogeneity in the saturation proﬁle.
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Fig. 4. CT time sequences of the decane–brine (top) and the CO2–brine experiments. The decane and CO2 saturation distributions are in orange and the initial rock ﬂuid
system  is displayed as semitransparent background. Note that the threshold setting for the saturation is comparable, but arbitrary to highlight heterogeneity in the saturation
distribution.
Fig. 5. Data form the larger-scale experiments compared to simulated data from the assisted history matching study for the decane–brine experiment (upper panels)
and  CO –brine experiment (lower panels). The results obtained from different relative-permeability models are displayed as lines with a color code. The integrated brine
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roduction (middle panels) is given in units of the total pore volume (PV). The o
roduction-plateau values of the three larger-scale CO2–brine displacement experi
omogeneous than the others. The heterogeneity has been judged
n the basis of the ﬁnal CO2 saturation proﬁle in Fig. 3 rather than on
orosity data and the single-phase tracer test. Fig. 5 shows the data
ecorded during the experiment – P  (left), the brine-production
urves (middle), and the decane/CO2 saturation proﬁles at three dif-
erent time steps (right). The data show the quantitative difference
etween decane–brine and CO2–brine displacements, reﬂecting
he differences in ﬂuid viscosity, density, interfacial tension (IFT),
nd relative ﬂuid permeability, kr(SW). While viscosities, densities
able 1
ummary of the observed data used in the assisted history matching process. The early ti
pproximately with a leveling off in the water production data. All observed data points a
Decane–brine 
Early time L
Time (h) 7.63 2
Water  produced (mL) 48.24 ± 1 4
Time  (h) 2.60 2
Pressure difference (bar) 0.126 ± 5% 0 stars in the lower-right and lower-middle panels indicate the average P- and
.
and IFT are known, we derive kr(SW) by means of numerical
simulations, which is the subject of the following section. Despite
the differences in the ﬁnal CO2-saturation proﬁles, we  consider the
extracted kr(SW) as representative for the larger-scale experiments,
since the sample-to-sample variability of the total brine production
and P are relatively small. The ﬁnal production- and P-plateau
heights are indicated in Fig. 5, and show standard deviations,
which are larger, but in the same order as the experimental error
bars of the individual experiments listed in Table 1.
me observations coincide with the breakthrough time (pressure difference data) or
re assigned equal weighting.
CO2–brine
ate time Early time Late time
1.4 3.82 10.57
8.48 ± 1 39.09 ± 1 39.64 ± 1
1.04 0.80 6.62
.105 ± 5% 0.076 ± 5% 0.061 ± 5%
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. Data interpretation
The data from coreﬂood experiments is analyzed to determine
he kr(SW) relationship by using analytical expressions or through
imulations where the ﬂow equations are solved numerically. We
nterpreted our experimental data with the aid of coreﬂood simula-
ions. Core ﬂood simulations have traditionally involved a manual
uning of parameters in order to achieve a match to the observed
xperimental data. More recently tools have emerged that partially
utomate this process: so-called assisted history matching tools.
ore commonly used in ﬁeld-scale reservoir simulation (e.g. Oliver
nd Chen, 2011; Oliver et al., 2008; Rwechungura et al., 2011), such
pproaches have also been applied to coreﬂood simulation (Kerig
nd Watson, 1987; Loeve et al., 2011; Okabe, 2005; Wang et al.,
006).
We  used a Shell proprietary stochastic uncertainty manage-
ent tool and reservoir simulator (Por et al., 1989) to interpret
ur experimental dataset. Here we describe the methodology used
nd present the results of the matching exercise.
.1. Coreﬂood model and measured data
2-D horizontal models of the core, discretized into 465 grid cells
31 in the X-direction, of which 2 columns of grid cells are for the
nlet/outlet and 29 for the core, and 15 in the Z-direction) were
sed. To aid numerical stability and to better resolve inlet and out-
et effects, the ﬁrst (and last) four columns of core cells were 0.1, 0.2,
.4, and 0.8 times the length of the central cell, with the smallest
ells being located at the ends of the core. The inlet and outlet cells
ere 0.001 times the length of the central core cell. Constant val-
es of porosity (0.297) and permeability (260 mD)  were assigned
o all core cells. The inlet cells were assigned a constant ﬂux bound-
ry condition to represent the CO2 injection rate, and outlet cells
ere connected to a production well operated at a constant pres-
ure constraint, replicating the experimental conditions. For the
ecane–brine simulations a simple black-oil PVT description was
sed and for the CO2–brine simulations a Cubic plus Association
quation of State was used to model partitioning of the CO2 and
2O between the supercritical CO2 phase and the aqueous phase. To
ule out uncertainties regarding the saturation state of the injected
O2, we modeled both dry and pre-equilibrated CO2 injections. The
est agreement was found with the equilibrated phase simulations;
nly these results will be shown and discussed here.
Capillary forces were accounted for, with the capillary pressure
urve being scaled from mercury–air data, accounting for changes
n interfacial tension. The objective was to determine the relative
ermeabilities and as such these were parameterized and varied as
escribed below.
From the measured water production and differential pressure
ata we selected a limited number of points to act as the observed
ata in the assisted history matching exercise (herein referred to
s observables), thus simplifying the matching process. Two data
oints were selected from both the water production and differen-
ial pressure dataset. These points were chosen so that the late time
nd breakthrough behaviors were captured (Table 1). By selecting
wo points each from the production and pressure data these data
ources carry equal weighting (note it is possible for the user to
eﬁne a weighting per observable, all weights were set to unity).
he standard deviations were based on pump and gauge accuracy.
.2. Assisted history matching methodologyThe assisted history matching approach consists of four main
lements: a parameterization of the functions of interest (in this
ase relative permeability); a sampling of the parameter space
sing experimental design methods; the creation and qualityouse Gas Control 33 (2015) 135–144 139
control of a proxy model; and the subsequent interrogation of the
proxy model to identify best matches to the observed experimental
data.
4.3. Relative permeability parameterization
Assisted history matching works by varying input parameters in
order to achieve a match between simulated and observed data. In
the case of this coreﬂood experiment it is the relationship between
relative permeability and saturation, which is unknown and which
must be varied in order to get an acceptable match. To simplify this
process three parameterized functions were investigated (Brooks
and Corey, 1964; Lomeland et al., 2005; Masalmeh et al., 2007), as
summarized in Table 2. Working with parameterized functions can
limit the number of simulations necessary to build a good qual-
ity proxy model. However, the disadvantage is that the shapes of
the resulting relative permeability curves are constrained by the
functional form of the equations.
Each variable parameter was assigned a range and a probability
distribution. We  used uniform distributions for all parameters. The
minimum and maximum values of the parameters are summarized
in Table 3. These ranges were assigned based on an understanding
of typical relative permeability behavior, or in the case of the empir-
ical matching parameters of Lomeland et al. (2005) on the guidance
given in the original publication. Typically these ranges were wide
enough to allow a satisfactory match to be achieved. However, in
the case of the wetting phase Corey exponents our initial ranges
proved inadequate and a match was  not achieved. We  had to sub-
sequently re-visit our initial range and expand it. This explains the
high maximum wetting phase Corey exponents used (Table 3). As
we will discuss later, the sharp fall-off in wetting phase relative
permeability – which required these high Corey exponents – is a
characteristic of the system investigated.
4.4. Experimental design
With the parameters and their ranges stipulated, it is possible
to explore the resulting parameter space by running coreﬂood sim-
ulations with different combinations of parameter values. To do
this efﬁciently, experimental design methods were used. We  ﬁrst
ran a tornado design, where parameters were systematically var-
ied one at a time to either their minimum or maximum values,
while keeping the remaining parameters at their base values. The
resulting tornado plots (not shown) were used to understand which
parameters are well constrained by the measured data. We  then
ran a Box-Behnken design (Box and Behnken, 1960) in addition to
a space-ﬁlling and a latin-hypercube (McKay et al., 1979) design.
The Box-Behnken and space-ﬁlling designs were used to construct
our proxy model (see below), while the latin-hypercube design was
used to subsequently test the quality of the proxy model.
4.5. The proxy model
Our observables were selected from the measured water pro-
duction and pressure difference experimental measurements.
Based on the outputs of the simulations (generated for parame-
ter values coming from experimental design), a proxy model was
generated for each of the observable points in Table 1. The proxy is
described by a second order polynomial which is a function of the
unknown parameters. The advantage of the proxy model is that
it allows a computationally cheap evaluation (estimation) of the
simulated observable, and hence a faster history matching process.
Our proxy models were generated based on the results of the Box-
Behnken and space-ﬁlling design. We  subsequently checked the
quality of the model by comparing it against the results of the latin-
hypercube design, our quality criteria being that the simulated
140 H. Ott et al. / International Journal of Greenhouse Gas Control 33 (2015) 135–144
Table  2
Summary of the parameterized functions of relative permeability investigated in this study.
Model Primary drainage equation Primary drainage equation Variable
Reference Wettingc Non-wetting Parametersa
Corey krw =
(
Sw−Swc
1−Swc
)nw
krnw = kwrnw
(
1−Sw
1−Swc
)nnw
kwrnw , nw ,  nnw
Brooks and Corey (1964)
Mod. Corey krw =
(
Sw−Swc
1−Swc
)nw + cw1+cw
(
Sw−Swc
1−Swc
)
krnw = kwrnw
(
1−Sw
1−Swc
)nnw
kwrnw , cw , nw ,  nnw
Masalmeh et al. (2007)
LETb krw = S
Lnw
w
wn
S
Lnw
w
wn +Enww (1−Snw )
Tnw
w
krnw = kwrnw (1−Swn)
Lw
nw
(1−Swn)L
nw
w +EwnwS
Tw
nw
wn
kwrnw , L
nw
w , E
nw
w , T
nw
w , L
w
nw , E
w
nw , T
w
nw
Lomeland et al. (2005)
a In our analysis we used a ﬁxed Swc of 0.2 in all cases. It should be noted that the shape of the relative permeability curves below a water saturation of 0.6 does not affect
the  history match as saturations in this range were not reached in the experiments.
b The normalized water saturation (Swn) in the LET model is given by: Swn = (Sw − Swc)/(1 − Swc − Snwr ), which for primary drainage can be simpliﬁed as Swn = (Sw −
Swi)/(1 − Swi).
c The relative permeability equations are formulated for the primary drainage ﬂow sequence and hence may differ slightly from those given in the original references.
Differences are due to the omission of the wetting phase end point relative permeability from the wetting phase equations. Since the primary drainage ﬂow sequence is
considered this end point relative permeability is equal to unity.
Table 3
Summary of the parameter ranges used in the assisted history matching study.
Model Variable Decane–brine CO2–brine
Parameter Min  Base Max  Min  Base Max
Corey
nw 2.0 15.0 20.0 5.0 20.0 30.0
nnw 1.0 1.75 2.5 1.5 1.9 3.5
kwrnw 0.5 0.7 0.9 0.3 0.6 0.9
Modiﬁed Corey
nw 2.0 15.0 20.0 5.0 20.0 30.0
nnw 1.0 1.75 2.5 1.5 1.9 3.5
kwrnw 0.5 0.7 0.9 0.3 0.6 0.9
cw 0.0 0.001 0.01 0.0 0.001 0.01
LED
kwrnw 0.5 0.7 0.9 0.5 0.7 0.9
Lwnw 10.0 15.0 30.0 10.0 15.0 30.0
Ewnw 0.1 1.0 10.0 0.1 1.0 10.0
Twnw 0.5 1.0 2.0 0.5 1.0 2.0
nw 2.5 1.5 2.0 2.5
 2.0 0.5 1.0 2.0
 2.0 0.5 1.0 2.0
o
m
4
g
w
V
w
d
f
f
r
a
o
w
t
4
w
w
t
Table 4
Summary of the root-mean-square-errors (RMSE) between measured observable
points and simulated responses for the parameterizations resulting from the history
matching exercise.
Model Decane–brine RMSE CO2–brine RMSE
Corey 1.42 1.09Lw 1.5 2.0
Enww 0.5 1.0
Tnww 0.5 1.0
bservable values should be within ±10% of the value approxi-
ated by the proxy.
.6. Best match identiﬁcation
Having created and checked our proxy model, we then interro-
ated it in order to ﬁnd the best matches to our measurements. This
as done by minimizing the mismatch function:
 =
Nabs∑
i=1
wi(di − yi)2, (1)
here V is the mismatch function, wi the weight, di the observed
ata, and yi the simulated value. First we sampled the proxy sur-
aces one thousand times with a Monte Carlo approach, the best
our matches from which were added to our proxy, which was  then
ecomputed. We  then sampled a further one thousand times with
 Markov chain Monte Carlo approach (Andrieu et al., 2003). Based
n this sampling, the parameter values for the four best match cases
ere simulated in our simulation model to conﬁrm the quality of
hese best match cases.
.7. Best match casesTable 4 summarizes the best match cases identiﬁed from the
orkﬂow described above, while Fig. 5 compares the simulated
ater production, pressure drop, and saturation proﬁle responses
o the measured data. The best match to the decane–brine datasetMod. Corey 1.51 1.35
LET 1.37 1.74
was achieved with the LET and Corey parameterizations and the
best match to the CO2–brine dataset was achieved with the Corey
parameterization. Table 5 summarizes the parameter values for the
best match cases, and the respective relative permeability curves
are shown further below in Section 6.
5. Standard relative permeability
As we aim to characterize the CO2–brine displacement in
heterogeneous rock, we compare the larger-scale displacement
experiments with standard relative permeability on smaller rock
samples that we consider to be homogeneous. For this purpose, we
performed standard steady-state experiments on samples with a
tested volume 24× smaller than for the larger-scale displacement
experiments; the sample dimensions were 3.8 cm diameter and
5 cm length, with the length over which we evaluate the satura-
tion proﬁle and measure P  being the central 2.5 cm.  The classical
SS approach allows for a direct interpretation by Darcy’s law, with
no numerical interpretation step involved; since we consider P
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Table  5
Summary of the best match relative permeability parameter values.
Decane–brine: LET CO2–Brine: Mod. Corey
Parameter kwrnw L
nw
w E
nw
w T
nw
w L
w
nw
Value 0.734 12.9 4.3 1.21 2.2
Fig. 6. Data and results of SS experiments. Top panel: ﬂow rates and pressure drop
P  as a function of injected ﬂuid in pore volumes (PV). Note that the lower P
is measured over a shorter distance inside the core to avoid end effects. Middle:
brine saturation proﬁles at different fractional ﬂow, FW . The vertical lines indicate
the distance over which P  was measured. Lower panel: kr(SW) derived from two
different SS experiments. The data set has been complemented by decane–brine USS
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larger pores in this dual-porosity carbonate rock; the sub-micronxperiments as described in the text. USS and USS pp refers to the unsteady-state
ethod and the porous plate method, respectively.
nd saturations over the central part of the sample, excluding the
nlet and outlet ends, we have conﬁdence in analyzing the data
ith the multiphase Darcy equation. The multiphase Darcy equa-
ion assumes that capillary pressure is negligible and by making
ur measurements away from the inlet/outlet ends where capil-
ary end effects can play an important role we attempt to better
onor the assumptions behind the multiphase Darcy equation. In
ontrast to the USS displacement process, in SS, both ﬂuid phases
re injected simultaneously stepwise, increasing the fractional ﬂow
FW) and keeping the total ﬂow rate constant. For the experiments
e used decane as non-wetting and brine as the wetting ﬂuid
hase, and hence the results are directly comparable to the larger-
cale decane–brine displacement experiment described above.
Fig. 6 shows raw data and the results of the SS experiments.
he top panel shows the ﬂow rates of decane and brine and the
espective pressure drop P.  P  was measured over the entire core
nd over a smaller distance in the inside, for which we  consider the
aturation proﬁle to be homogeneous. The saturation proﬁles in SS
t different fractional ﬂows FW are shown in the middle panel of
ig. 6. With increasing decane ﬂow rate, brine saturation of up toEwnw T
w
nw k
w
rnw nw nnw
3 0.80 1.57 0.802 17.3 3.13
0.45 were reached. This is higher than the saturation reached in the
USS experiment due to the higher decane-ﬂow velocities at the end
of the SS ﬂood, i.e. the higher capillary number.
The resulting kr(SW) curves are shown in the lower panel of
Fig. 6. The measurements show a variation that we attribute to
the variation of sample properties due to heterogeneity. Both SS
datasets show comparable brine kr(SW) branches, but deviate in
decane relative permeability. Despite the spread, the SS kr(SW) are
consistently higher than the one obtained from the larger-scale USS
experiments. To prove the validity of the SS results for describing
an USS displacement, we  carried out an USS experiment under the
same conditions with the same sample size as the SS experiments
were performed. The obtained USS relative permeability data are
shown in the same panel of Fig. 6. A good agreement between the SS
and USS data has been found within a reasonable sample-to-sample
variation. The blue and the red lines are Corey functions, which
serve as guide to the eye and for comparison to the larger-scale
experiments in Fig. 8.
In the coreﬂood experiments so far, the viscous forces were
not sufﬁcient to extend the saturation window into the range
of micro-porosity. To extend the decane relative permeability to
larger decane saturations, effective permeability measurements
have been performed on samples that were drained by means of
the porous plate method (Pentland et al., 2011). The results comple-
ment the SS and USS curves in Fig. 6 to lower water saturations. The
data veriﬁes the high decane mobility at the end of the SS coreﬂoods
and shows that the micro-porosity does not add to the non-wetting
phase conductivity.
6. Discussion
We performed experiments on larger-scale rock samples, from
which we have chosen the most homogeneous one for further
investigation using numerical modeling. The selection has been
done in order to describe the coreﬂoods in a homogeneous model
by the smallest possible number of parameters. The selection cir-
cumvents the explicit description of core-scale heterogeneity that
would effectively lead to a downscaling of the problem. The het-
erogeneity has been judged on the basis of the ﬁnal CO2 saturation
proﬁle rather than on porosity data and the single-phase tracer test
only, as discussed in the context of Fig. 3. However, despite the dif-
ferent CO2-saturation proﬁles, we consider the extracted kr(SW) as
representative for the larger-scale experiments, since the sample-
to-sample variability of the total brine-production-plateau and the
P-plateau heights are relatively small as indicated in Fig. 5.
These experiments provide valuable insight in the fundamental
CO2–brine displacement and are close to the actual ﬁeld displace-
ment process. However, the determination of kr(SW) is non-trivial.
The typically sharp transition from brine production before break-
through to predominantly CO2 or decane production provides a
limited dataset to which simulation models can be constrained.
Furthermore, a limited accessible saturation range, in the present
case 0.6 < SW < 1.0, is investigated due to the presence of micro-
porosity with a total volume fraction of 40–50% of the pore space.
Our interpretation is that the non-wetting phase only invaded thepores were not invaded. The relevance of the resulting small sat-
uration window for CO2–brine plume migration will be discussed
further below.
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cig. 7. The best match relative permeability relationships resulting from the assisted
he  middle panels the CO2–brine relative permeabilities, and the right panels show
Additional information before and after breakthrough is
btained by in situ saturation monitoring. The ﬂood front propa-
ation and the ﬁnal saturation proﬁle were used as independent
enchmarks for the simulations. The comparison of experimental
esults and simulations as shown in Fig. 5 is reasonable consider-
ng the simpliﬁcations applied in the simulation model, especially
t early and late time (ﬁrst and last scan in the right panels).
The resulting relative permeability functions are shown in Fig. 7.
e plot the best ﬁt of each of the applied parameterizations for
omparison. The decane–brine results are shown in the left pan-
ls and the CO2–brine results in the middle. The respective lower
anel shows the same datasets on a logarithmic scale. The best ﬁt
f the decane–brine was obtained by LET parameterization and the
O2–brine system was best described by the Corey description with
he parameters provided in Table 5; both datasets are compared in
he right panels. We  observe that both the wetting and the non-
etting phase kr(SW) in the CO2–brine system tend to be smaller
han those in the decane–brine system at comparable water satu-
ations. For the non-wetting phase, this is consistent with previous
tudies on Berea sandstone (Berg et al., 2013, and the references
iven in Benson et al., 2013). However, for the wetting phase, a
revious study on the same rock using the same experimental and
nalysis methods showed the water relative permeability to be
igher in the CO2–brine system than in the decane–brine system
Berg et al., 2013). A compilation of data from different studies
howed the opposite trend (Benson et al., 2013), but ﬂuids and
ample preparation methods differed in the compared studies.
In the left panels of Fig. 8 the results from the decane–brine USS
xperiment are compared to the results obtained from the steady-
tate approach. Using both SS datasets to describe the larger-scale
SS coreﬂood through simulations failed. The obtained pressure
rop and production curve are shown in the respective panels in
ig. 5. The main difference between the SS and USS is the relatively
harp drop of the brine branch in USS compared to SS. Furthermore,
n SS a larger saturation window has been achieved. The reason is
he increasingly larger advective force that was applied in SS to
isplace the brine phase; while in SS the ﬂow rates of the individ-
al phases vary by one to two orders of magnitude changing the
apillary number respectively, the capillary number is constant inry matching exercise. The left panels show the decane–brine relative permeabilities,
parison of the best ﬁts (lowest RMSE, Table 4).
the larger-scale USS experiment. In the present case, the USS ﬂow
rate (corresponding to a velocity of 1 ft/day (≈3.5 × 10−6 m/s)) was
comparable to the lowest decane ﬂow rate in SS. Note that a sys-
tematic change of the capillary number could inﬂuence the shape
of the relative permeability curve in cases where strong capillary
heterogeneity is present.
In the middle panels of Fig. 8, the decane–brine USS displace-
ment data are compared to equivalent data from Berea sandstone.
Berea is a sandstone with an essentially mono-modal pore archi-
tecture. For Estaillades, the available saturation window is about
half of the one of Berea, which is due to the presence of micro-
porosity in the limestone. However, after scaling the saturation
axis to the Estaillades macro-porosity (macro → total), the rela-
tive permeability curves are surprisingly comparable, despite the
different architectures of the pore systems of both rock types (com-
pare Fig. 1(a) and (b)). This means that we would expect a similar
displacement efﬁciency for both rock types if we  consider the
macro-pore space only.
This is not the case for the CO2–brine displacement as shown
in the right panels of Fig. 8. Applying the same scaling of the
saturation axis to the CO2–brine system results in a noticeable
difference of relative permeability in both rock types. Especially
the brine-mobility is much higher in Berea sandstone compared
to Estaillades. Since CO2–brine and decane brine displacement in
Estaillades results in comparable relative permeability saturation
functions, the reason is most likely the different wetting behavior
of CO2 and decane in Berea as found in Berg et al. (2013), which
has been attributed to the presence of clay minerals. We  therefore
attribute the main difference between the scaled Estaillades and
the Berea relative permeability curves to CO2–clay interactions.
6.1. The role of micro-porosity
The data discussed so far show that the micro-porosity is not
invaded even at high ﬂow rates representative for near-well-bore
conditions and the CO2-saturation window investigated by the
experiments is 0 < Snw < 0.4 (<0.5 for higher capillary numbers). The
resulting questions are: (1) when will the micro porosity be invaded
by viscous ﬂow in laboratory experiments? and (2) under which
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Fig. 8. Comparison of the upscaled kr(SW) functions to results of standard kr(SW) experiments and earlier results on Berea sandstone. Left panels: comparison of kr(SW)
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lbtained from larger-scale (LS – bold lines) and smaller-scale (thin lines – see Fig. 
staillades limestone and Berea sandstone for decane–brine experiments (middle
olume  of Estaillades has been scaled to the total pore volume of Berea. The scaled 
onditions is this saturation window sufﬁcient to describe ﬁeld-
cale displacements? We  now consider each of these questions in
urn.
In the laboratory and the subsurface, CO2 invades the micro-
orous region if the viscous force overcomes capillary forces, i.e.
he capillary entry pressure that can be estimated from the pore-
hroat radii r by pC = 2/r, with  being the interfacial tension.
n water-wet well-separated bi-modal pore size carbonate rocks
e assume that the macro-porosity is invaded prior to an inva-
ion of the micro-porosity. This assumption is based on the simple
apillary entry criterion, which is inversely proportional to pore-
hroat radius. Once the macro-porosity is completely ﬁlled with
O2 the micro-porous carbonate grains may  become isolated from
ne another, meaning that the wetting aqueous phase is no longer
xtensively inter-connected. Since CO2 forms a connected phase
Ott et al., 2014), we estimate the viscous pressure drop acting
n the brine phase trapped within a single micro-porous grain by
arcy’s law; Pvisc = lgrain ·  · Darcy/K. Hence CO2 overcomes the
apillary entry pressure if
lgrain ·  · Darcy
K
≥ 2
r
, (2)
ith lgrain being the characteristic length of micro-porous grains
stimated from CT scans,  being the CO2 viscosity, K the perme-
bility and Darcy the CO2 velocity, i.e. the macroscopic capillary
umber Camacro≥1 (see e.g. Armstrong et al., 2014). Using rele-
ant parameter ranges for CO2 storage,1 the mean micro-porosity
ore-throat radius r =0.7 m and the permeability K =220 mD,  we
stimate Darcy to be in the order of meters per second, which is
hree to four orders of magnitude higher than the highest expected
eld velocities. Even in case the micro-porous system would be
nterconnected throughout the sample, the viscous force at relevant
1 The following ranges of parameters were used:  =30–40 mN/m;
grain =100–1000 m (from CT scans);  =300–500 kg/m3.ane–brine coreﬂoods. Middle and right panels: comparison of data obtained from
CO2–brine experiments (right). For the scaled kr(SW) functions, the macro-porous
ons are shown as doted lines in the respective panels.
ﬂow rates would not sufﬁce. We  speculate that relevant viscous
forces are not sufﬁcient to desaturate micro-porosity.
On the ﬁeld scale, micro-porosity can be invaded when gravi-
tational forces cause the capillary entry threshold to be exceeded.
The gravitational pressure that is required can be estimated by
gh ≥ 2
r
, (3)
where  is the difference of both ﬂuid densities, g the gravita-
tional constant, and h the column height. For the micro-porosity
pore-throat radius range of 0.1–1 m and the relevant ranges of 
and , minimum column heights of 12 m (for r =1 m)  to 250 m (for
r =0.1 m)  are required for the CO2 to enter the micro-porosity. It
seems feasible that such CO2 column heights might be expected
during storage operations, resulting eventually in a higher CO2 sat-
uration at the top of the reservoir. Since the micro pores do not
contribute to the CO2 mobility, micro-porosity might act as a reser-
voir and might mitigate gravity overrun of the CO2 plume.
7. Summary and conclusions
We investigated multi-phase ﬂow in heterogeneous and
dual-porosity carbonate rock in order to understand effects of
microscopic and macroscopic heterogeneity on CO2–brine dis-
placement and eventually on CO2 plume migration in carbonate
aquifers. For this, a series of coreﬂood experiments were per-
formed with CO2–brine and decane–brine as ﬂuid combinations.
Decane–brine was used as water-wet reference case and for
comparison to standard SCAL (Special Core Analysis). SCAL was  per-
formed on small samples that we consider to be homogeneous, i.e.
the derived curves are considered to be true kr(SW) functions. The
actual displacement experiments were performed on larger-scale
rock samples with a volume 24× larger than that of the SCAL sam-
ples. From a series of three, we selected one coreﬂood sequence,
which showed the least impact of heterogeneity on the CO2 satu-
ration proﬁles.
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Upscaled relative permeability saturation functions were
erived by history matching the larger-scale displacement exper-
ments in an 2-D-homogeneous numerical model. The simplest
arameterization of relative permeability – the Corey model – gave
n adequate description of the carbonate studied. This is likely
ecause only the macro-porosity was invaded by CO2, and a poten-
ial discontinuity in the relative permeability saturation functions
s outside the range of these experiments. In situations where
here is less separation (in terms of pore size) between macro- and
icro-porosity, and the micro-porosity is part of the CO2 conduct-
ng system, more complex relative permeability parameterizations
ay  be required to describe the behavior.
The comparison of the upscaled and the true relative per-
eability curves reveals the inﬂuence of heterogeneity on the
isplacement. Heterogeneity results in lower ﬂuid-phase mobili-
ies – i.e. lower relative permeability functions were observed. This
s reasonable, since bypassing leads to a larger fraction of effectively
mmobile brine and to a effectively lower total cross-section for CO2
r decane ﬂow. An interesting point is that despite bypassing, the
roduction from the larger-scale sample is higher than predicted
or the homogeneous situation. The reason might be the higher
ocal ﬂow rates as a result of the reduced ﬂow cross-section, which
ight lead to a locally higher displacement efﬁciency.
A comparison to single-porosity Berea sandstone (Berg et al.,
013) revealed two major differences. The most distinguishing
roperty between Berea and the dual-porosity carbonate is the
resence of micro-porosity that requires unrealistically high ﬂow
ates to be invaded by the respective non-wetting phase. The result
s a smaller achievable saturation window in Estaillades according
o the ratio of macro- to total-porosity. By scaling the saturation
indow of the macro-porous volume of Estaillades to the total
ore volume of Berea, we directly compare the relative permeabil-
ty curves of the CO2-conducting pore system of both rock types.
hile for the decane–brine system the displacement in both rock
ypes is comparable, we ﬁnd substantially lower ﬂuid mobilities in
erea for the CO2–brine system. In conjunction with the interpre-
ation in Berg et al. (2013), we attribute this difference mainly to
lay–CO2 interactions in clay-rich Berea sandstone.
It has been shown that the micro-porous sub-volume cannot
e invaded under realistic viscous ﬂow conditions, but invasion
an occur if gravity dominates. From the pore-throat distribu-
ion we derived column heights between 12 and 250 m that are
equired to drain the micro pores by gravity. However, in the
xperiments it has been shown that the micro-porous volume
oes not add to the decane and accordingly to the CO2 mobility,
hich means that the micro-porosity above the minimum column
eight, at which point it starts be become drained, serves only as a
eservoir. This might have consequences for CO2-plume migration.
icro-porosity above the minimum column height might mitigate
uid-density-driven gravity overrun.
Further work needs to be done to understand (1) whether or
ot the obtained relative permeability saturation function is repre-
entative of the next larger-scale (related to heterogeneity), and if
ot, (2) how to effectively include the core-scale (capillary) hetero-
eneity into the picture. (3) If we effectively downscale the system
y including heterogeneities, how to upscale it again in order to
erive a useful function for reservoir-scale simulations? These are
uestions we would like to address to the community.
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